We have studied the expression of G protein subtypes and the role of G protein-dependent signaling in t w o subclones of RED-l cells, an erythropoetin(Ep0)-sensitive, murine erythroleukemia cell line. Clone 6C8 showed terminal erythroid differentiation in response t o a combined treatment with Epo and dimethylsulfoxide. Clone G3 was resistant t o these inducers, but responded t o Epo with enhanced proliferation. We measured G protein a subunit levels by toxincatalyzed adenosine diphosphate (ADP)-ribosylation with [32Pl-nicotinamide adenine dinucleotide (NAD) and by semiquantitative immunoblotting with specific antisera. Native RED-l cells expressed GaiZ, ail, as, and aq,ll, but not ail and ao. Terminal differentiation was associated with a selective loss (~8 0 % ) of Gaia and an increase in a truncated cytosolic form of Gai2, while the membrane levels of ai2, aYq,ll, and as did not change significantly. Treatment of G3 cells with the ROLIFERATION and terminal differentiation of red cell precursors beyond the early burst-forming unit-erythroid (BFU-E) stage are regulated by erythropoietin (Epo) in conjunction with several other cytokines and hormones.'" The specific signaling systems that must be consecutively activated in the process of erythroid cell maturation and, specifically, in initiating the switch from proliferation to terminal differentiation have remained largely unknown. Recent evidence suggests that some of the early effects of Epo and of insulin-like growth factor-l (IGF-l), both essential factors for erythroid cell development, may be mediated by G proteins from the G, family.',' Heterotrimeric G proteins play a central role in hormonal signaling and seem to be involved in cellular growth ~o n t r o l .~.~ They are composed of three distinct subunits ( a , p, y ) and occur in a variety of isoforms. These isoforms have been organized into four different families defined by the degree of sequence homology of their a subunits. ' of G protein patterns were associated with specific developmental states. In differentiating PC 12 pheochromocytoma cells and NG108-15 neuroblastoma-glioma hybrids an increase in G,, was noted.""' By contrast, a decrease in G,,,? was the most prominent event in differentiating 3T3-Ll fibroblasts and in F9 teratocarcinoma A significant loss of pertussis toxin(PTX)-induced G,, adenosine diphosphate (ADP)-ribosylation was also observed in murine erythroleukemia cells."
these inducers, but responded t o Epo with enhanced proliferation. We measured G protein a subunit levels by toxincatalyzed adenosine diphosphate (ADP)-ribosylation with [32Pl-nicotinamide adenine dinucleotide (NAD) and by semiquantitative immunoblotting with specific antisera. Native RED-l cells expressed GaiZ, ail, as, and aq,ll, but not ail and ao. Terminal differentiation was associated with a selective loss (~8 0 % ) of Gaia and an increase in a truncated cytosolic form of Gai2, while the membrane levels of ai2, aYq,ll, and as did not change significantly. Treatment of G3 cells with the ROLIFERATION and terminal differentiation of red cell precursors beyond the early burst-forming unit-erythroid (BFU-E) stage are regulated by erythropoietin (Epo) in conjunction with several other cytokines and hormones.'" The specific signaling systems that must be consecutively activated in the process of erythroid cell maturation and, specifically, in initiating the switch from proliferation to terminal differentiation have remained largely unknown. Recent evidence suggests that some of the early effects of Epo and of insulin-like growth factor-l (IGF-l), both essential factors for erythroid cell development, may be mediated by G proteins from the G, family.',' Heterotrimeric G proteins play a central role in hormonal signaling and seem to be involved in cellular growth ~o n t r o l .~.~ They are composed of three distinct subunits ( a , p, y ) and occur in a variety of isoforms. These isoforms have been organized into four different families defined by the degree of sequence homology of their a subunits.'" Erythroid precursor cells have been shown to express at least four different G, subtypes: a,, a,I, ay,?, (but not Individual a subunits may confer unique functional properties to individual G proteins. Thus, some G protein-coupled receptors seem to interact preferentially, if not exclusively, with specific a subunits of G proteins.'* In several different cell types characteristic changes inducers was without effect on G protein abundance. However, except for as, G3 cells contained significantly higher levels of the different G protein a subunits tested. Stimulation of G protein-coupled receptors by thrombin and ADP caused a pertussis toxin (PTX)-inhibitable transient increase in intracellular Ca2+ that was markedly reduced in differentiated cells. In G3 cells, but not in 6C8 cells, thrombin also caused a PTX-sensitive inhibition of isoprenaline-stimulated cyclic 3',5'-adenosine monophosphate (CAMP) formation. Our results show that specific alterations in G protein expression and function are associated with erythroid differentiation of erythroleukemia cells but do not prove a causal relationship. The loss of Goi3 may affect cellular responses that are mediated via PZT purine or thrombin receptors. 0 1994 by The American Society of Hematology.
of G protein patterns were associated with specific developmental states. In differentiating PC 12 pheochromocytoma cells and NG108-15 neuroblastoma-glioma hybrids an increase in G,, was noted.""' By contrast, a decrease in G,,,? was the most prominent event in differentiating 3T3-Ll fibroblasts and in F9 teratocarcinoma A significant loss of pertussis toxin(PTX)-induced G,, adenosine diphosphate (ADP)-ribosylation was also observed in murine erythroleukemia cells. " We studied G protein levels and G protein-coupled receptor systems during Epo/dimethylsulfoxide (DMSO)-induced proliferation and differentiation of Epo-sensitive erythroleukemia cells. As model systems we used RED-l cell clones derived from a Rauscher virus-transformed proerythroblastic cell line." The overall activity of G, and G, was assessed by cholera (CTX)-or PTX-dependent ADP-ribosylation, while the cellular levels of G,,, Gmilizi3, and Guq,i I were determined semiquantitatively by subtype-specific antibodies. In parallel, we have studied cellular responses mediated by G protein-coupled receptors. Our results suggest that a marked loss of a,3 and an increase of cytosolic a,? were specifically associated with erythroid differentiation.
The effects of thrombin and of ADP, two endogenous ligands interacting with G protein-coupled receptors differed in differentiating and nondifferentiating cell clones. These observations indicate that the change in G protein expression pattern may be accompanied by changes in G protein-dependent cellular signaling. For personal use only. on November 11, 2017. by guest www.bloodjournal.org From (l%).*" With maximally responsive clones, approximately 80% of the cell population differentiated within 4 days into hemoglobin (Hb)-containing, normoblast-like cells. In nonresponsive clones, Epo alone would still stimulate cell proliferation, but the combined application of Epo and DMSO caused no major change in the rate of proliferation and did not induce terminal erythroid differentiation. The rate of cell proliferation under various conditions was measured by cell counting in a Coulter-type ZF counter (Coulter Electronics, Harpender, Herts, UK) in predetermined time intervals for a period of 3 days without medium change. The starting density was 2 X IO4 cells per milliliter; the final densities after 3 days reached 5 X 10' to 1 X 10' cells per milliliter. Erythroid differentiation was quantified by determining the percentage of Hb-positive cells in the cell population using the benzidine-staining method.*' The absolute level of Hb in differentiated cells was measured by the method of Jungi."
MATERIALS AND METHODS

Tissue Culture
Membrane Preparation
Partially purified membranes were prepared from RED-l cell suspensions according to the method of Ross et al." Briefly, the cells were lysed by repetitive freezing-thawing cycles. The washed sediment was then density-separated on a discontinuous saccharose gradient. Cell membranes enriched at the 30%/40% and 20%/30% saccharose interfaces were collected and used for ADP-ribosylation or immunoblotting purposes.
G Protein Determination
Relative changes in G protein levels were measured in membranes or whole cell homogenates by toxin-mediated ADP-ribosylation and by the immunoblotting technique using specific antibodies. ADPribosylation of G, catalyzed by CTX or of G, by FTX was measured according to the methods of Gill and WoolkalisZ4 and of RibeiroNet0 et al.'' Incorporation of "P from [32P]-nicotinamide adenine dinucleotide (NAD) into G protein a subunits was quantified by liquid scintillation counting of the radioactivity contained in the G protein bands of the polyacrylamide gel after sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). Part of the experiments with CTX were performed in the presence of RED-l cell lysate as an additional source of ADP-ribosylation factor (ARF). An amount equivalent to the cytosol of 10' cells was added per sample.
For the immunodetection of G proteins, we used the following antisera: AS 6 (anti-a,,,,,n)~6 AS 8 (anti-aCommon)?' AS 86 (antia,?, but with some crossreactivity against ail. a,*, and a,),27a AS 266 (anti-a, common),2h AS 269 (anti-aiz)?6 AS 368 (anti-a,,] and AS I 1 (anti-@,,m,,,).29 The a,,-antiserum3" was purchased from Calbiochem (Laufelfingen, Switzerland). Western blots were prepared after SDS-PAGE separation of cell or membrane proteins on 7% acrylamide gels containing 6 mol/L urea (modified from Offermanns et al"). Immunoblots were performed according to standard techniques3' using 3% ovalbumin as blocking reagent and peroxidasecoupled goat-anti-rabbit IgG (Sigma A 6154) as second antibody. The enhanced chemoluminescence assay in combination with Hyperfilm (marketed by Amersham, Zurich, Switzerland) was used as the indicator system. G protein a subunit levels in differently treated cell populations were compared by density scanning of the immunoreactive bands in transmitted light (A 400 nm) using a CAMAG TLC Scanner I1 coupled with a personal computer for the calculation of peak height and area (CAMAG Corp. Muttenz, Switzerland). Care was taken to work in a concentration range, where either the area 
Measurement of Intracellular ea2+ ([Ca"],
Cells were loaded with the acetoxymethylester of the fluorescent calcium chelator fura-2 (fura-2 AM)35 by incubation for 45 minutes in normal culture medium containing 4.5 pmol/L of the fluorescent indicator. After removal of extracellular fura-2 by washing, a stock cell suspension was prepared with a density of approximately 8 X 10' cells per milliliter in a buffer containing 136 mmolk NaCI, 8 mmol/L NazHP04, 6 mmoUL KH2P04, 1 mmol/L MgClz, 22 rnmoll L glucose, and 5% FCS, pH 7.4. The final Ca2+ concentration in the medium was 85 to 90 pmol/L as determined by atomic absorption spectrophotometry. Fluorescence was measured in a microcuvette containing 300 pL buffer and 100 pL of the cell suspension using a Perkin Elmer 3000 spectrofluorometer (Perkin-Elmer Corp, Norwalk, CT). Using an excitation wavelength of 380 nm, calciuminduced fluorescence changes were determined at the peak of the emission spectrum close to a wavelength of 485 nm. Control experiments at an excitation wavelength of 340 nm showed mirror images of the signals at 380 nm and confirmed that no fluorescent indicator was lost from the cells in the course of the experiment. Levels of [CaZ+] , were calculated according to the method described by Hansen et a13' using an apparent dissociation constant (kd) value for fura-2 of 224 nmol/L. The maximal fluorescence signal was determined by adding 50 pmoUL ionomycin in the presence of 1. I mmol/L CaCI2. The minimal signal was recorded after adding buffered EGTA to a final concentration of 10 mmoUL. In RED-l cells, the Ca2+-sensitive signal always reached more than 80% of the total signal produced by the cells, confirming that most of the intracellular dye was free fura-2 acid. Loading of [Ca"], stores and Ca2+ permeability in RED-1 cells were critically dependent on the presence of serum in the suspension buffer. In serum-free medium, the cells became rapidly resistant to calcium-releasing stimuli and tended to accumulate Ca" irreversibly.
Protein Determination
Protein was measured either according to a modified version of the Lowry method37 or using the Biuret procedure.
Data Evaluation
The statistical significance of differences between mean values was assessed using paired t tests; P < .05 was considered significant. 
RESULTS
Growth and Differentiation of RED-l Cells
RED-l cells can be induced to differentiate along the erythroid pathway by the combined action of Epo and For this study we isolated two cell clones differing in their responsiveness to Epo and DMSO. Within 4 days of EpoDMSO treatment, at least 80% of the cells from the first clone (6C8) differentiated into basophilic erythroblasts reaching a mean cellular Hb content of 20 to 25 pg ( Fig  1A) . Either one of the two inducers alone caused terminal differentiation in only 5% to 10% of the cells. The second clone (G3) could not be induced to differentiate either with Epo alone or with the combined EpolDMSO treatment. The number of Hb-positive cells maximally reached 1 % and 2% with Epo alone and with Epo/DMSO, respectively. Nevertheless, Epo alone significantly stimulated the proliferation of both clones by 20% It 5% (n = 3 ; Fig 1B) . Therefore, the difference between 6C8 and G3 cells cannot be due to a lack of Epo receptors in G3 cells. DMSO caused a reduction in the proliferation rates of both clones (a reduction to 67% i-4% [n = 41 of the value in untreated cells is documented for 6C8 cells in Fig 1B) . These observations suggested that G3 cells could provide a suitable negative control in assessing specific changes of cellular signaling mechanisms which might be associated with erythroid differentiation of 6C8 cells.
ADP-Ribosylation of G Proteins During Erythroid Differentiation
In a first set of experiments, we studied CTX-or PTXinduced ADP-ribosylation of G, and Gi protein a subunits in RED-1 cells. Membranes from undifferentiated and differentiated 6C8 cells (Fig 2A, lanes 1 and 2) were ADP-ribosylated in the presence of PTX using [32P]NAD. In the autoradiographs obtained after SDS-PAGE separation of the membrane proteins, the band corresponding to Gai at approximately 43 kD was markedly reduced in EpoDMSO differentiated cells. In contrast, the Gmi band remained completely unchanged in autoradiographs of membrane proteins from identically treated nondifferentiating G3 cells (Fig 2B, lanes  1 and 2) . In 6C8 cells an additional unidentified protein band was labeled at approximately 70 kD that also did not show any differentiation-induced change in labeling intensity. To quantify the PTX-induced incorporation of ["P1 into G,,, proteins. we determined the radioactivity contained in the autoradiographically identified gel bands. Control experiments showed that the amount of radioactivity detected in the G protein bands was linearly related to the amount of membrane protein applied to the gel. During EpolDMSOinduced differentiation. ADP-ribosylation was reduced by about 70% from 24 t 6 to 7 2 3 cpm/pg protein (n = S). In the same cells, neither Epo nor DMSO alone caused any significant change in G,,i labeling (n = 3). A similar quantification of the CTX-mediated ADP-ribosylation of the adenylyl cyclase-stimulating protein G,,, yielded levels of 1.3 5 0.5 and 1.1 t 0.5 cpm/pg protein (n = 4) before and after Epo/DMSO-induced differentiation of 6C8 cells, respectively. Epo or DMSO alone also caused no significant change in the labeling of G,,,. In two additional experiments CTXmediated ADP-ribosylation was performed in the presence of concentrated RED-l cell lysate to supplement the reaction with ARF, as suggested by Gill and Woolkalis." Under these conditions, the mean level of G,,, labeling in native and in Epo/DMSO-differentiated 6C8 cells reached 7.4 and 8.9 cpm/pg protein. respectively.
In the nondifferentiating clone G3, the control level of PTX-mediated ADP-ribosylation of Gmi was significantly higher than in the differentiating clone (60 2 9 v 24 2 6 cpm/pg protein; n = 3). This high level of G,,i remained
unchanged in the course of a combined treatment with Epo and DMSO for 4 days. CTX-mediated labeling of G,,, could be barely detected in these cells, and no significant change was noted during Epo/DMSO treatment. Together, these observations suggest that differentiation in RED-l cells was specifically associated with a reduction in G,.i ADP-ribosylation but had no significant effect on the ADP-ribosylation of G,,,.
Cl1rrnge.s in G Protein Isotype Inlm~molahelin,p in DiferentiatinR ancl N~)ncl;fferentintir~,~ Enthroicl Cell Clones
Gi proteins. The changes in the expression patterns of G proteins in differentiating erythroid cells were studied in more detail by using subtype-specific polyclonal antipeptide antibodies for semiquantitative immunolabeling experiments. Figure 3A shows immunoblots of G protein a subunits using a high resolution urea/PAGE separation of membrane proteins from 6C8 cells before and after Epo/ DMSO-induced differentiation. The labeling in lanes I and 2 of Fig 3A was obtained with an a,,,,,, ,,,,, antiserum that was known to react with a, as well as with a l l ai subspecies." Although G,,, is not visible in the preparation used for Fig  3A, it could be identified in other preparations as a very faint band in both controls and Epo/DMSO-treated cells. The band at 41 kD in Fig 3A ( single arrowhead) corresponds to the Gai3 subtype. The band at 40 kD (Fig 3A. two arrowheads) represents Gni2. In lanes 3 and 4 of Fig 3A, membrane proteins from the same cell populations were immunostained with an antiserum. Compared with untreated 6C8 cells, the expression of G,,i3 was greatly reduced in Epo/DMSOdifferentiated cells from the same clone, while we observed only a slight and inconstant reduction in ai? expression. Labeling of membrane protein blots with a specific a,? antiserum also did not indicate any significant changes in the membrane levels of this protein during cell differentiation (compare Fig SA, lanes 1 and 2) . The decrease in a,> in differentiated cells was accompanied by a corresponding loss of Go (Fig 3B, lanes I and 2) . but such a change was not observed in nondifferentiating G3 cells (Fig 3B, lanes 3 and  4) . Quantitatively, the ratio of G,,, levels before to levels after erythroid differentiation was calculated from density scans of immunoblots comparable to the ones shown in lanes 1 and 2 of Fig 3A. The ratio was about 1.5 for cyi2 and S for cyi3. As both G,,i subtypes in Fig 3 reacted with the same antibody, the scanning data for a,? and cyi3 were directly comparable. Labeling with a specific a,? antiserum confirmed these results (Fig 3A, lanes 3 and 4) . Again, the ratio of Gmi3 in control to G,,,> in differentiated cells reached a value of S.
The a subunits of trimeric G proteins are present in significant amounts in cellular locations outside the cell membrane, where they may play important roles in cellular signaIing.3x,3" Therefore, we have complemented our measurements in membranes by determining the change in Gmi levels in whole cell homogenates prepared from native and differentiated 6C8 cells (Figs 4 and 5) . With whole cells, the protein concentration for the immunoblots had to be increased to 20 p g per lane to obtain about half the signal GBsommon antiserum (dilution, 1:300) before (lanes 1 and 3) and after (lanes 2 and 4) treatment of 6C8 (lanes 1 and 2) or G3 cells (lanes 3 and 4) . strength that was observed with 5 pg per lane with partially purified membrane proteins. We conclude from this observation that the overall G protein abundance in the homogenate was about eightfold lower than in the membrane preparation used for the experiments shown in Fig 3. The labeling pattern with the a,,,,,,. antiserum (Fig 4A) appeared similar to the one in purified membrane preparations (compare Fig 3A) , except that the ai? band became consistently more prominent in differentiated cells. Labeling with the ai3 antiserum confirmed the marked loss of immunoreactivity that had been detected in membranes (Fig 4C) . In addition, we tested for the presence of G,,, with a specific antiserum (Fig 4B) . In our system, ail would comigrate with ai3. However, in spite of considerable protein overloading that resulted in some unspecific protein labeling (Fig 4B,  lane l) , no signal specific for ail was detected in the expected molecular weight (MW) range. By contrast, the same antiserum reacted with a single, well-defined band in a transblot from rat brain homogenate, known to contain significant levels of G,i,. These results indicate that no significant levels of Coil are expressed in RED-l cells.
The most remarkable difference between G protein patterns in membranes and homogenates concerned the relative abundance of Gmi2 (Fig 5) . In whole cell homogenates, but not in purified membranes, we detected a strong increase in aiz immunoreactivity after EpoDMSO-induced differentiation, corresponding to a fivefold change in the density screening assay (Fig SA, lanes 1-4) . Hence, a major fraction of ai2 immunoreactivity in these cells appeared to be located in some intracellular compartment rather than in the plasma membrane. In the absence of any significant change in membrane levels (Fig SA, lanes 1 and 2) , the increase in cellular ai2 was unlikely to result from a release of membrane-bound protein but seemed to reflect enhanced expression of aiz. After further fractionation of differentiated 6C8 cells, most of the ai2 immunoreactivity was found in the cytosol ( Fig   SD) . However, the antibody now labeled two poorly separated bands: one migrated with approximately 40 kD, the other with approximately 38 kD. Hence, part of the cytosolic protein showed a distinctly lower apparent MW than the 40 kD protein in the membrane fraction (Fig 5D, lane 4) . The immunolabeling of both bands could be completely blocked by preincubation of the aiz antiserum with the antigenic ai2 peptide (Fig 5D, lane 5) . The unrelated peptide used to raise the (Y~~~,,,,,~ antiserum was without effect on the immunostaining with anti-ai2 (data not shown), confirming the sequence specificity of the blocking effect. Moreover, the lower band of cytosolic ai2 immunoreactivity was not recognized by the GLICOmmOn antiserum. Together, these findings suggested that the 38 kD protein might have been generated by (proteolytic?) cleavage from the full length ai2 protein and lacked the epitope for the a , , , , , , antibody that is located closer to the aminoterminus. The mechanism for this presumed fragmentation of ai2 remains unclear. The shift in the apparent MW of cellular aiz during cytosol preparation could not be prevented by using a proteinase inhibitory cocktail. The cytosol also contained some ai3. Its pronounced decrease in differentiated cells exactly mirrored the changes in membrane levels of this protein.
Since Epo and DMSO were both required for full differentiation of 6C8 cells, we also assessed possible effects on G protein patterns in the presence of either Epo or DMSO alone. The respective results with GUiz are shown in Fig 5B and C. Epo alone was without significant effect on Gni2 levels or on erythroid differentiation (Fig SB) . DMSO alone sometimes caused a small increase in cytosolic Gni2 correlating well with the variable degree of differentiation (10%-20%) that could be achieved with this inducer (Fig SC) . Analogous results were obtained for Gai3.
The association of a partial loss of Gai3 and an increase in cellular Gai2 with cell differentiation is also supported by the results with the nondifferentiating clone G3 (Fig 6B) . did not affect G, protein levels. The density ratios measured for a,? and CY,> in control cells to in Epo/DMSO-treated G3 cells were 1.2 and 1.4. respectively. G protein-labeling in the homogenate of Epo/DMSO-exposed G3 cells did not differ from the one in native cells. in agreement with the result in purified membranes. However, it was evident from the immune reactions with G3 cell proteins that ai? and ail were both significantly more abundant than in 6C8 cells. This result confirmed our earlier measurements with the ADPrihosylation technique (compare Fig 2 ) . We conclude from these results that the selective changes in ai? and a,> concentrations are closely associated with erythroid differentiation in RED-l cells and cannot be explained by unspecific effects of the inducer compounds.
G,/ proteins. In several tissues heterotrimeric G proteins of the G,, family appear to be involved in growth factormediated activation of phospholipases, thus initiating a signaling cascade with diacylglycerol and inositol I ,4,S-triphosphate (IP3) a s second messengers."" Therefore, it was important to complement our studies on G, proteins by assessing possible differentiation-dependent changes in G, protein patterns. We used a G,rqllI antiserum that labeled a,, and a , I . The antibody also showed some crossreactivity with Gt,lJ, because the target peptide that was used to raise the antibody differed by only two amino acids from the corresponding sequence in a,". In control experiments with recombinant a subunits, this crossreactivity could be suppressed by preincubation of the antiserum with the a14 peptide (K. Spicher, personal communication, July IS, 1993). Under our conditions, this procedure did not affect the immunohbeling pattern. Hence, we assume that the observed immunoreactivity is predominantly due to aqlI I .
KESSELRING, SPICHER, AND PORZIG
On immunoblots prepared from 6C8 cell homogenates, the antiserum strongly labeled a 43-kD band (Fig 7) .
Density scanning (n = 3) showed no significant change in the levels of in 6C8 cells during Epo/DMSO-induced differentiation. Analogous to our findings with G,, proteins, the abundance of G,,q/ll in the nondifferentiating clone G3 seemed to exceed the level in the differentiating clone 6C8 (data not shown).
G Protein-Meclinrecl Functions in Diferenriated and Nondiferentiated RED-I Cells
Several earlier studies had shown that erythroid cells carry G,-coupled ,Cz-adrenoceptors.l"~'.J' However, little is known about the inventory and functional relevance of Gi or G, protein-coupled receptors in red cell precursors. The occurrence of specific changes in G protein patterns during erythroid differentiation prompted us to search for corresponding changes in G protein-mediated signaling. In other cell types several endogenous ligands with the properties of growth and/or differentiation factors have been shown to affect G protein-dependent cAMP formation or [Ca"], release. Therefore. in addition to the fhdrenoceptor agonist isoprenaline, we have tested a-thrombin and ADP for effects that might be altered by the differentiation-induced change in G,,, protein levels.
G,,-mediated responses. In 6C8 cells, the maximal padrenoceptor binding capacity for the specific ligand ["'l]-CYP increased from 6 % 1 fmol per IO7 untreated cells to 13 2 2 fm after a 4-day treatment with Epo alone. The combined treatment with Epo and DMSO that resulted in terminal differentiation. caused no significant change in receptor density. The Epo-induced increase in receptor density was not associated with any change in the rate of cAMP formation. Confirming earlier observations by Sytkowski and Kessler?' these results indicate that terminal differentiation is not associated with significant changes in the sensitivity of RED-I cells to &adrenergic stimuli.
G;-and/or G,-tnediated responses. Thrombin and ADP have both been reported to inhibit cAMP formation and/or to increase [Ca"], in one or more type of cells via Gi-coupled Only thrombin had significant effects on isoprenaline-or forskolin-stimulated adenylyl cyclase activity in RED-l cells. On the other hand. both thrombin and ADP affected the level of [Ca2+li. These effects are detailed below. The total amount of Ca" that could be released from intracellular stores in fura-2-loaded RED-l cell preparations was estimated from the increase in [Ca?+li in the presence of 1 to 10 pmol/L thapsigargin, an inhibitor of microsomal Ca" transport adenosine triphosphatases. Effects of thrombin. Figure 8 summarizes the effects of a maximally effective concentration of thrombin (2.5 U/mL) on the rate of isoprenaline-stimulated cAMP formation in differentiating and nondifferentiating RED-l cell clones. In intact, nondifferentiating G3 cells, thrombin reduced the maximal rate of cAMP synthesis by 31% to 69% ? 3% (n = 5 ) of the value in untreated cells. This effect was completely suppressed after a 15-hour preincubation with FTX (50 ng/ mL). Surprisingly, thrombin had no effect on cAMP synthesis in the differentiating clone 6C8, neither before nor after induction of differentiation with EpoDMSO.
In addition to the Gi-mediated effect on cAMP synthesis, thrombin has been reported to release [Ca2+Ii, possibly via a G,-mediated mechanism!' Figure 9 shows that thrombin induced a transient increase in [Ca2'Ii in 6C8 cells. In five experiments with [Ca"], at 1.09 mmol/L, the mean thrombin (1 U/mL)-induced change of [Ca2+Ii reached 45 ? 30 nmoV L. The strength of the response was concentration-dependent but varied considerably in different cell preparations (compare Fig 9A and B) . Still, in G3 cells the effect was consistently much smaller than in 6C8 cells. In three paired experiments with 6C8 cells, the transient thrombin response was significantly reduced by 87% ? 7% after PTX-pretreatment (compare Fig 9B) and was barely detectable after erythroid differentiation (Fig 9A) . The observed transient increase in [Ca2+Ii was partially due to Ca2' release from intracellular stores, because it was reduced, but not completely suppressed, in the presence of extracellular EGTA (1 mmol/L).
Effects of ADP. Several hematopoietic cell lines seem to possess G protein-coupled purinergic receptors of the PZT subclass with high affinity for ADP!3 In 6C8 cells, ADP (10 to 100 pmol/L) was without effect on isoprenaline-stimulated cAMP synthesis but induced a rapid, transient increase of [Ca2'Ii (Fig 9C) . Adenosine triphosphate (ATP) (100 to 500 pmoVL) had no effect of its own but completely blocked the effect of ADP. The antagonistic effect of ATP confirms that the purinergic receptor of 6C8 cells belongs to the PZT sub cl as^!^ Unlike the thrombin response, the effect of ADP on [Ca2+Ii depended strongly on the extracellular Ca2+ concentration. The mean ADP-induced change in [Ca2+l, reached 32 ? 21 (n = 3) and 72 +-45 (n = 5 ) nmom at 0.09 and 1.09 mmoVL [Caz'],, respectively (Fig 9C) . On the other hand, the effect of ADP on [Ca2'Ii was not completely lost in the presence of EGTA. As with thrombin, the ADP-induced Ca response was markedly inhibited after a 15-hour treatment of 6C8 cells with FTX ( Fig 9D) and was almost completely eliminated after EpoDMSO-induced differentiation.
Under all conditions, the size of the release reaction for both thrombin and ADP was highly variable and not related to the filling state of the stores as determined with thapsigargin. Moreover, in a given cell population, strong thrombin signals were not always associated with similarly strong ADP signals and vice versa.
DISCUSSION
Probably the most interesting result of this study is the observation of a close association between highly selective changes in G protein subspecies patterns and erythroid differentiation in an erythroleukemic cell line. On the other hand, a causal relationship between these two events has not yet been established. Our analysis has shown that the pattern of G protein cy subunits detected in native RED-l cells (cys, cyi2, cyi3, and cyq,,,) and their relative abundance is in For personal use only. on November 11, 2017. by guest www.bloodjournal.org From agreement with previously published results for normal human erythroid precursors7 or human erythroleukemia cells." Therefore, murine RED-l cells seem to represent a useful model system for the study of differentiation-associated changes in G protein-mediated cellular signaling.
Changes in G protein a subunit patterns in differentiating cells have been repeatedly observed."-17.4h. 47 Most attention has been focussed on the a, and the subspecies.
In differentiating neuronal cell lines most investigators observed a substantial increase in G,, and a transient increase or no change in G,,2.'4.1s.47 A reduction in or G,,, has been associated with differentiation of teratocarcinoma cells and 3T3 f i b r o b l a~t s .~'~~~ Data on changes in G protein patterns in differentiating hematopoietic progenitor cells are scarce. In a promyelocytic cell line, HL-60, Grr12 was found to increase in the course of differentiation along the neutrophil p a t h~a y .~' In a human erythroleukemia cell line (HEL), remained unchanged upon induction of megacaryocytic diff e r e n t i a t i~n .~~ O n the other hand, the expression of Galhi a G protein of the G, family that seems to be present exclusively in hematopoietic precursor cells, was specifically reduced upon lineage-specific differentiation!' Most of these studies focussed on a single G protein species and did not systematically search for changes in the overall pattern. Nevertheless, these earlier reports tend to support our conclusion that the functional expression of individual G proteins and, hence, G protein-dependent signaling seems to be specifically regulated during cell differentiation.
In most cases, a causal relationship between the observed G protein concentration changes and defined steps in cell differentiation has not been definitely established. However, enhanced expression or permanent activation of G,,> has been shown to promote cell proliferation and antagonize cell differentiation.17 Mutant Ga12 with constitutively inactivated guanose triphosphatase function could induce neoplastic transformation of 3T3 or Rat-l fibroblast lines.X.'~50.5' Our finding in RED-l cells that clones resistant to differentiation with Epo/DMSO had significantly higher membrane concentrations of Ga12 than inducible clones is in line with these earlier observations. For a,, to be transforming, an efficient membrane association via a myristyl side chain seems to be required." This agrees with our observation that an isoform expressed in differentiated 6C8 cells that apparently lacked tight membrane association was not associated with enhanced proliferation: induction of differentiation always caused a reduction in the rate of proliferation. In mastocytoma cells and 3T3 fibroblasts growth factors have been shown to induce a translocation of membrane-bound G, protein to a cytosolic compartment or to perinuclear sites."." The translocated a, subunits may be involved in a distinct signaling pathway, although possible effectors of intracellular G,, remain to be identified.52 In 6C8 erythroleukemia cells, the increase in cellular Gm,, levels clearly does not result from a translocation of membrane-bound protein but reflects an overall increase in ai2 expression. As the membrane levels of GuL2 remained essentially unchanged, signaling via Gi-coupled receptors is unlikely to be markedly affected during erythroid differentiation of RED-l cells.
The situation is different with G,;?. The mitogenic action of a,? seems not to be shared by a13.5' Hence, it is unlikely that the expression level of a,? will affect cell proliferation. However, signaling via a,3-coupled membrane receptors should decrease in the course of differentiation because most, but not all, membrane-bound a,, is lost. Very little is known about the inventory of G protein-coupled receptors in erythroid precursor cells, and even less is known about the interaction of these receptors with specific G protein subtypes and effector systems. From observations in other cell types, it can be inferred that G,3, like Gi2, could be involved in coupling receptors to both of the major effector systems, adenylyl cyclase and phospholipase C (PLC).5T-57 However, in a native membrane system containing a,? together with a,?. adenylyl cyclase inhibition (via a2 adrenoceptors) was mediated almost exclusively by a,> in spite of the concomitant full activation of On the other hand, G,? seems to be equipotent to G,, in the PTX-sensitive activation of PLC/?? and the subsequent release of [Ca"], This effect is unlikely to result from a direct action of but rather seems to be mediated by Py subunits released from receptor-activated GL3 (and G,2).56.4X The py-sensitive PLC,& isoform of PLC is known to exist in hematopoietic cells.5"
Our functional tests have established the presence of thrombin-and of purinergic P,,-receptors in RED-l cells. Both receptors have been characterized best in platelets and are known to interact with G, proteins.4".4s In 6C8 cells, ADP and thrombin both caused a PTX-sensitive [Ca"], increase but did not affect the rate of isoprenaline-stimulated CAMP formation. Hence, the two receptors seemed to couple preferentially to PLC rather than to adenylyl cyclase, even though at least thrombin is known to inhibit the latter enzyme in other tissues." An analogous observation was made by Gierschick et alSh for the FMLP chemotactic peptide receptor in HL-60 cells. After erythroid differentiation, when G,,? and Go were much reduced, the [Ca"], response of 6C8 cells to ADP and thrombin was significantly decreased. This finding also supports, but does not prove, a preferential coupling of PZT and thrombin receptors to G,q. Conversely, in G3 cells thrombin but not ADP caused a significant PTXsensitive inhibition of adenylyl cyclase, while both had only minor effects on [Ca"], levels.
Therefore, in G3 cells the thrombin receptor seemed to couple preferentially to G,,,z in spite of the presence of high levels of G,, 3 and I. These observations support the view that the assignment of specific functions to specific G protein subtypes may be subject to cellular regulation rather than being determined entirely by primary structure."
Our data show for the first time that specific changes in the pattern of Gi proteins expressed in erythroid precursor cells are associated with terminal differentiation of erythroleukemia cells. The level of G protein expression was particularly high in cell clones which had lost the capacity to differentiate in response to EpoDMSO. Although intriguing, these correlations clearly do not yet establish a causal relationship between functional changes of G proteins and erythroid cell differentiation. In parallel with these changes, the effects of ADP and thrombin, which are known to affect cellular functions by using G protein-dependent signaling pathways, are markedly altered. Both ligands are physiologic For personal use only. on November 11, 2017. by guest www.bloodjournal.org From components of blood serum. A possible role in erythroid cell development could thus be envisaged but has not been studied in detail. The consequences of experimentally induced defined alterations in G protein expression and function for erythroid cell proliferation and differentiation will be the focus of further studies in our laboratory.
